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Frequency filters are widely used in communications 
systems today. Historically they have been constructed 
from inductors, capacitors and resistors and such 
circuits are well understood. However they suffer from 
the disadvantages of large physical size and high cost. 
A monolithic realisation of frequency filters would 
greatly reduce the cost of systems in which filters are 
used and would increase their reliability in hostile 
environments. 
In this thesis a novel approach to the realisation 
of sampled-data monolithic frequency filters is 
presented. The method is based on the use of sampled 
analogue signals and is related to the wave digital 
filter in its design techniques. The eventual 
monolithic realisation in NMOS technology is in the 
form of a switched-capacitor structure. 
While the main body of the research is concerned 
with the implementation of filters which are based on 
distributed prototype networks, some work on 
integratable filters which are based on lumped element 
prototypes is also presented. For either type the 
design model is exact and the resulting filter is 
optimally insensitive to parameter variations. The 
filters are implemented using a technique which ensures 
that performance is limited by capacitor ratios, which 
are moderate as compared with alternative published 
approaches. 
A prototype integrated circuit suitable for use in 
the audio frequency band has been designed to 
demonstrate the validity of the approach for the 
filters based on distributed prototypes and contains. 
filters of third, fifth and seventh order. Results are 
presented for these filters and also for a pseudo- 
bandpass filter which uses the periodicity of the 
prototype distributed network. The seventh order 
filter had a cut-off frequency of one eighth of the 
filter sample rate and achieved a stop band attenuation 
of well over 70dB 
An implemetation of a wave filter based on a lumped 
element prototype is also described and results are 
presented. This work is expected to form the basis of 
a novel implemetation of bandpass filters. 
The responses achieved for all the wave filters 
constructed show excellent agreement with the theory. 
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1. I N T R O D U C T I O N .  
E l e c t r i c a l  f i l t e r s  w h i c h  meet e v e r  more  d e m a n d i n g  
s p e c i f i c a t i o n s  a r e  r e q u i r e d  t o d a y  f o r  i n s t r u m e n t a t i o n  
s y s t e m s  a n d  t h e  c o m m u n i c a t i o n s  m a r k e t .  T h i s  l e a d s  t o  t h e  
f i l t e r  d e s i g n e r  r e q u i r i n g  many more  c h o i c e s  o f  f i l t e r  
t e c h n o l o g y  t h e n  were p r e v i o u s l y  a v a i l a b l e .  I t  is t h e  
o b j e c t i v e  o f  t h i s  t h e s i s  t o  p u r s u e  t h e  p o s s i b i l i t y  o f  
r e a l i s i n g  s u c h  f i l t e r s  i n  a s i n g l e  i n t e g r a t e d  c i r c u i t  w h i c h  
c a n  b e  p r o d u c e d  on  a h i g h  vo lume  p r o c e s s  i n  s i l i c o n  
t e c h n o l o g y .  T h i s  s h o u l d  l e a d  t o  complex  i n t e g r a t e d  f i l t e r  
s t r u c t u r e s  w h i c h  c a n  b e  p r o d u c e d  i n  c o m p a c t  fo rm a t  l o w  
c o s t ,  a l t h o u g h  t h e  p a s s i v i t y  o f  e x i s t i n g  s t r u c t u r e s  may b e  
s a c r i f i c e d .  
I n  t h i s  t h e s i s ,  a n o v e l  a p p r o a c h  t o  f r e q u e n c y  f i l t e r i n g ,  
b a s e d  on  t h e  s o - c a l l e d  "wave f i l t e r " ,  is a d v o c a t e d .  I n  t h i s  
work a " f r e q u e n c y  f i l t e r "  w i l l  b e  d e f i n e d  a s  “a t r a n s d u c e r  
f o r  s e p a r a t i n g  waves  o n  t h e  b a s i s  o f  t h e i r  f r e q u e n c i e s "  [ i ] .  
D e s i g n s  f o r  l o w- p a s s  a n d  b a n d- p a s s  f i l t e r s  i n  i n t e g r a t e d  
f o r m  a r e  p r e s e n t e d  i n  t h i s  t h e s i s  a n d  r e s u l t s  a r e  g i v e n  f o r  
s e v e r a l  p r o t o t y p e s .  
1.1 PASSIVE FILTERS. 
The method  o f  c o n s t r u c t i o n  a n d  t h e  c o m p o n e n t s  u s e d  t o  
make a f i l t e r  d e p e n d  o n  i t s  f r e q u e n c y  o f  o p e r a t i o n  [ 2 ] .  A t  
m i c r o w a v e  f r e q u e n c i e s  r e s o n a n t  c a v i t i e s  a r e  a p p r o p r i a t e ;  
w h i l s t  p i e z o e l e c t r i c  c r y s t a l  u n i t s  a r e  v e r y  u s e f u l  i n  t h e  
f r e q u e n c y  r a n g e  5 t o  150MHz, t h o u g h  t h e  c h a r a c t e r i s t i c s  o f  
t h e  l a t t e r  t e n d  t o  b e  r e s t r i c t e d  t o  band  p a s s  and  n o t c h  
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f i l t e r s .  Ceramic f i l t e r s ,  t h o u g h  l e s s  s e l e c t i v e ,  a r e  
p o s s i b l e  c h o i c e s  f o r  t h e  i n t e r m e d i a t e  f r e q u e n c y  s t a g e s  o f  a 
r a d i o  r e c e i v e r .  M e c h a n i c a l  f i l t e r s  a r e  a l s o  o f  u s e  f o r  t h e  
lower f r e q u e n c y  stages o f  a c i r c u i t .  However ,  i n  t h e  
f r e q u e n c y  r a n g e  5 t o  200kHz t h e  d o m i n a n t  t y p e  o f  f i l t e r  h a s  
b e e n  c o m p r i s e d  o f  lumped c a p a c i t o r s  a n d  i n d u c t o r s ,  t o g e t h e r  
w i t h  r e s i s t o r s .  T h e s e  c i r c u i t s  a r e  known a s  RLC f i l t e r s  
[3, 4] 
RLC f i l t e r s  h a v e  b e e n  e x t e n s i v e l y  s t u d i e d  and t h e i r  
d e s i g n  h a s  b e e n  g r e a t l y  e a s e d  by t h e  p u b l i c a t i o n  o f  many 
s e t s  o f  t a b l e s  o f  e l e m e n t  v a l u e s ,  s e e  f o r  e x a m p l e  t h o s e  i n  
[3]. I n  f a c t ,  t h e  p r i n c i p a l  a d v a n t a g e  o f  t h e  R L C  f i l t e r  i s  
t h e  e a s e  w i t h  w h i c h  i t  c a n  b e  s y n t h e s i s e d ,  t h o u g h  t h e  
a d v a n t a g e s  o f  p a s s i v e n e s s  a n d  z e r o  power c o n s u m p t i o n  a r e  
v e r y  i m p o r t a n t .  
The R L C  f i l t e r ,  b e c a u s e  i t  i s  p a s s i v e ,  c a n n o t  become 
u n s t a b l e  [ 5 ]  a n d  a p a r t i c u l a r  c l a s s  o f  R L C  f i l t e r ,  t h e  
r e s i s t i v e l y  t e r m i n a t e d  l a d d e r  f i l t e r  shown i n  F i g .  1.1 i s  
a l s o  m a x i m a l l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  i t 5  e l e m e n t  
v a l u e s  [ 6 ] .  
F i g u r e  1-1: R e s i s t i v e l y  t e r m i n a t e d  l a d d e r  s t r u c t u r e .  
T h i s  i n s e n s i t i v i t y  is d u e  t o  t h e  f a c t  t h a t  a R L C  l a d d e r  
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f i l t e r  c a n  p e r m i t  maximum power t r a n s f e r  b e t w e e n  i t s  sou rce  
i m p e d a n c e  a n d  i t s  l o a d  i m p e d a n c e  w i t h i n  i t s  p a s s b a n d .  A t  
t h e s e  p o i n t s  o f  maximum power t r a n s m i s s i o n  t h e  p a r t i a l  
d e r i v i t i v e  o f  t h e  power t r a n s f e r  f u n c t i o n  w i t h  r e s p e c t  t o  
a n y  o f  t h e  e l e m e n t  v a l u e s  m u s t  b e  z e r o ,  s i n c e  t o  h a v e  more  
t h a n  maximum power t r a n s f e r  is  i m p o s s i b l e  i n  a p a s s i v e  
s y s t e m .  T h e s e  f a c t o r s  g i v e  t h e  l a d d e r  f i l t e r  a l l  t h e  
e l e c t r i c a l  a d v a n t a g e s  t h a t  c o u l d  b e  d e s i r e d  and e x p l a i n  t h e  
p o p u l a r i t y  o f  t h i s  c l a s s  o f  f i l t e r  o v e r  many y e a r s .  The 
d i s a d v a n t a g e s  o f  t h e s e  f i l t e r s ,  h o w e v e r ,  a r e  becoming  more  
i m p o r t a n t  i n  t h e  a g e  o f  m i c r o - e l e c t r o n i c s  , w h e r e  
m i n i a t u r i s e d  f i l t e r s  a r e  p o t e n t i a l l y  p o s s i b l e  i n  i n t e g r a t e d  
c i r c u i t  f o r m .  The minimum p h y s i c a l  s i z e s  o f  t h e  c a p a c i t o r s  
a n d ,  more  p a r t i c u l a r l y ,  t h e  i n d u c t o r s  r e q u i r e d  by a n  R L C  
f i l t e r  a r e  s t r i c t l y  l i m i t e d  by t h e i r  e l e c t r i c a l  v a l u e s  and  
s i n c e  t h e s e  v a l u e s  a r e  o f t e n  q u i t e  l a r g e  t h e  r e s u l t i n g  
c o m p o n e n t s  a r e  o f t e n  a l s o  l a r g e ,  p a r t i c u l a r l y  f o r  l o w  
f r e q u e n c y  a p p l i c a t i o n s .  T h i s  r e s u l t s  i n  a f i l t e r  s y s t e m  
w h i c h  i s  b u l k y  a n d  i n c o m p a t i b l e  w i t h  modern  i n t e g r a t e d  
s y s t e m s .  
The s e c o n d  d i s a d v a n t a g e  o f  t h e  l a d d e r  f i l t e r  i s  t h a t  its. 
c o m p o n e n t s  m u s t  b e  t r i m m e d  t o  t h e i r  c o r r e c t  v a l u e s .  T h i s  i s  
a l o n g  a n d  t ime  c o n s u m i n g  i t e r a t i v e  p roces s  w h i c h  m u s t  b e  
c a r r i e d  o u t  by  t r a i n e d  p e r s o n n e l  o n  a c o m p l e x ,  e x p e n s i v e ,  
m a c h i n e .  T h i s  t r i m m i n g  o p e r a t i o n  i s  o f t e n  t h e  most 
s i g n i f i c a n t  p a r t  o f  t h e  t o t a l  c o s t  o f  t h e  f i l t e r .  
The t h i r d  d i s a d v a n t a g e  o f  t h e  RLC f i l t e r  i s  t h a t  i t  i s  
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n o t  e l e c t r i c a l l y  p r o g r a m m a b l e  a n d  t h e r e f o r e  i t s  
C h a r a c t e r i s t i c s  a r e  f i x e d  a t  t h e  t i m e  o f  i t s  m a n u f a c t u r e .  
W h i l e  t h i s  i s  n o t  a s e r i o u s  d i s a d v a n t a g e  i n  some 
a p p l i c a t i o n s  i t  makes  t h e  u s e  o f  t h e s e  f i l t e r s  i m p r a c t i c a l  
i n  o t h e r s .  
The  l a s t  major d i s a d v a n t a g e  o f  t h e  RLC c l a s s  o f  f i l t e r s  
is t h a t  t h e y  a r e  c a n n o t  b e  q u i c k l y  m u l t i p l e x e d  w i t h i n  a 
c i r c u i t .  M u l t i p l e x i n g  i s  a c i r c u i t  t e c h n i q u e  i n  w h i c h  a 
s i n g l e  complex  c i r c u i t  e l e m e n t  is s w i t c h e d  r a p i d l y  b e t w e e n  
d i f f e r e n t  p a r t s  o f  a n e t w o r k  t o  f u l f i l  t h e  f u n c t i o n  o f  
s e v e r a l  e l e m e n t s .  T h i s  l e a d s  t o  t h e  c i r c u i t  h a v i n g  t h e  
a d v a n t a g e s  t h a t  would  b e  g a i n e d  b y  h a v i n g  s e v e r a l  o f  t h e  
c o m p l e x  e l e m e n t s  w i t h o u t  i n c u r r i n g  p e n a l t i e s  o f  e x t r a  
c o m p o n e n t s  a n d  power c o n s u m p t i o n .  I f  m u l t i p l e x i n g  h a d  b e e n  
p o s s i b l e  t h e  s i z e  o f  t h e  f i l t e r  c o u l d  h a v e  b e e n  l e s s  
i m p o r t a n t  c o m p a r e d  t o  i t s  u s e f u l n e s s  i n  t h e  c i r c u i t .  
T h u s  i n  s p i t e  o f  t h e i r  a t t r a c t i v e  f e a t u r e s ,  t h e s e  
d i s a d v a n t a g e s  h a v e  c a u s e d  c i r c u i t  d e s i g n e r s  t o  l o o k  f o r  
d e s i g n s  w h i c h  a r e  s m a l l e r  and more e a s i l y  c o n s t r u c t e d  w h i l e  
t r y i n g  t o  r e t a i n  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  o f  t h e  RLC 
c l a s s  o f  f i l t e r s .  
1 . 2  EARLY E L E C T R O N I C  FILTERS. 
A method  u s e d  i n  t h e  e a r l y  1 9 5 0 ' s  t o  r e d u c e  t h e  s i z e  o f  
RLC f i l t e r s  was t o  r e p l a c e  t h e  i n d u c t o r s  b y  some a c t i v e  
e l e m e n t s  [ 7 ] .  T h i s  was d e s i r a b l e  b e c a u s e  t h e  u n a v o i d a b l y  
l a r g e  s i z e  o f  t h e  i n d u c t o r s  r e q u i r e d  f o r  l o w  f r e q u e n c y  
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c o n v e n t i o n a l  RLC f i l t e r s  r e s u l t e d  i n  a b u l k y  f i l t e r  s y s t e m .  
I n d u c t o r s  a l s o  show p o o r  r e l i a b i l i t y  when s u b j e c t e d  t o  
v i b r a t i o n  o r  o t h e r  s e v e r e  e n v i r o n m e n t s .  R e p l a c e m e n t  o f  t h e  
i n d u c t o r s  by a s e t  o f  a c t i v e  c o m p o n e n t s  c r e a t e d  a new c l a s s  
o f  c i r c u i t ,  t h e  RC a c t i v e  f i l t e r ,  w h i c h  d e p e n d e d  o n  t h e  u s e  
o f  d i f f e r e n t i a l  a m p l i f i e r s  f o r  i t s  o p e r a t i o n .  E a r l y  c i r c u i t s  
were made u s i n g  t h e r m i o n i c  v a l v e s  and  were c l e a r l y  n o t  
p r a c t i c a l  b y  modern  s t a n d a r d s ,  t h o u g h  t h e y  d e m o n s t r a t e d  t h a t  
t h e  me thod  was f e a s i b l e .  Not  u n t i l  t h e  l a t e  1940's, a f t e r  
t h e  i n v e n t i o n  o f  t h e  t r a n s i s t o r  f a m i l y ,  d i d  t h e  c o n c e p t  o f  
s e m i c o n d u c t o r  d i f f e r e n t i a l ,  a m p l i f i e r s  a t  a r e d u c e d  s i z e  and  
c o s t  become f e a s i b l e ,  t h o u g h  l a r g e  s c a l e  p r o d u c t i o n  o f  t h e  
new d e v i c e s  d i d  n o t  o c c u r  t i l l  t h e  l a t e  1950's. Even t h e n  
p r o b l e m s  c a u s e d  b y  t h e  u s e  o f  d i s c r e t e  c o m p o n e n t s  h e l d  b a c k  
t h e  w i d e s p r e a d  u s e  o f  RC a c t i v e  f i l t e r s ,  and  i t  was n o t  
u n t i l  t h e  p r o d u c t i o n  o f  c h e a p  m o n o l i t h i c  o p e r a t i o n a l  
a m p l i f i e r s  i n  t h e  1 9 6 0 ' s  t h a t  s u b s t a n t i a l  u s e  was made o f  
t h i s  t y p e  o f  c i r c u i t .  The h i g h  vo lume  o f  c o m m e r c i a l  s a l e s  
was s u c h  t h a t  i n  1 9 7 7  t h e  a c t i v e  f i l t e r  m a r k e t  i n  t h e  USA 
was  i n  excess  o f  15  m i l l i o n  d o l l a r s  [ 8 ] .  However ,  RC a c t i v e  
f i l t e r s  s u f f e r e d  f r o m  p r o b l e m s  o f  i n s t a b i l i t y  [8 ]  , a n d  
t e n d e d  t o  h a v e  r e s p o n s e s  t h a t  w e r e  s e n s i t i v e  t o  v a r i a t i o n s  
i n  t h e  c o m p o n e n t  v a l u e s  o f  t h e  f i l t e r .  A l s o ,  w h i l e  t h e  s i z e  
o f  t h e  c i r c u i t  was g r e a t l y  r e d u c e d ,  i t  was s t i l l  l a r g e  
c o m p a r e d  t o  o t h e r  p a r t s  o f  a n  i n t e g r a t e d  c i r c u i t  b a s e d  
s y s t e m .  
T h e s e  l i m i t a t i o n s  c a u s e d  t h e  s e a r c h  f o r  f u r t h e r  f i l t e r  
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c i r c u i t s  t o  c o n t i n u e ,  w i t h  t h e  a i m  o f  b u i l d i n g  a c o m p l e t e  
f i l t e r  on  one i n t e g r a t e d  c i r c u i t .  T h i s  would  g i v e  t h e  f i l t e r  
i n c r e a s e d  r e l i a b i l i t y  a n d  r e d u c e d  c o s t  a n d  s i z e .  
The d e v e l o p m e n t  o f  t r a n s i s t o r s  a n d  d i g i t a l  i n t e g r a t e d  
c i r c u i t s  made t h e  d i g i t a l  c o m p u t e r  p r a c t i c a l  i n  t h e  e a r l y  
1 9 6 0 ' s ,  a n d  one  o f  t h e  uses  t o  w h i c h  i t  was p u t  was 
s i m u l a t i n g  a c t i v e  f i l t e r s .  T h i s  r e q u i r e d  t h e  c o n t i n u o u s  
v o l t a g e s  a n d  c u r r e n t s  i n  t h e  a c t i v e  f i l t e r  t o  b e  s a m p l e d ,  
a n d  t h e  s a m p l e s  t o  be r e p r e s e n t e d  b y  d i g i t a l  numbers .  The 
i n i t i a l  p r o g r a m s  d i d  n o t  r u n  i n  r ea l- t ime  b u t  c o u l d  a n a l y s e  
a n d  p r e d i c t  t h e  b e h a v i o u r  o f  a n  a n a l o g u e  c i r c u i t .  As 
c o m p u t e r s  became f a s t e r  a n d  more  w i d e l y  a v a i l a b l e ,  r e a l- t ime  
s i g n a l  p r o c e s s i n g  became p o s s i b l e .  T h i s  r e q u i r e d  t h e  
d e v e l o p m e n t  o f  a w h o l e  new b r a n c h  o f  s i g n a l  p r o c e s s i n g  
t h e o r y  b a s e d  o n  s a m p l e d- d a t a  f i l t e r s  a n d  t h i s  t h e o r y ,  a n d  
t h e  c i r c u i t s  e v o l v i n g  f r o m  i t ,  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  
c h a p t e r .  
1.3 LAYOUT OF THESIS. 
The aim o f  t h i s  w o r k  h a s  b e e n  t o  p r o d u c e  a p r o t o t y p e  
i n t e g r a t e d  f r e q u e n c y  f i l t e r  w i t h  a s p e c i f i e d  a m p l i t u d e  
r e s p o n s e .  I n  c h a p t e r  t w o  t h e  v a r i e t y  of t e c h n i q u e s  
a v a i l a b l e  t o  a c h i e v e  t h i s  end  a r e  b r i e f l y  d i s c u s s e d  and t h e  
c o n c e p t  o f  t h e  wave f i l t e r  i s  i n t r o d u c e d .  
I n  c h a p t e r  t h r e e  t h e  t h e o r y  o f  wave f i l t e r s  i s  d e v e l o p e d ,  
w i t h  c o n s i d e r a t i o n  b e i n g  g i v e n  t o  t h e  c i r c u i t  e l e m e n t s  a n d  
t h e i r  i n t e r c o n e c t i o n .  
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I n  c h a p t e r  f o u r  t h e  c o m p u t e r  s i m u l a t i o n  p r o g r a m  d e v e l o p e d  
a s  p a r t  o f  t h i s  w o r k  i s  d e s c r i b e d .  T h i s  p r o g r a m  w i l l  
s y n t h e s i s e ,  s i m u l a t e  a n d  p r e s e n t  g r a p h i c a l  r e s u l t s  f o r  
d i s t r i b u t e d  a n d  lumped e l e m e n t  f i l t e r s .  
C h a p t e r  f i v e  d e s c r i b e s  t h e  me thod  c h o s e n  f o r  t h e  
i m p l e m e n t a t i o n  o f  wave f i l t e r s  w h i c h  a r e  b a s e d  o n  a c a s c a d e d  
t r a n s m i s s i o n  l i n e  n e t w o r k .  Also d i s c u s s e d  i n  t h i s  c h a p t e r  
a r e  t h e  p r o b l e m s  p r e s e n t  i n  t h e  me thod  c h o s e n  and  t h e i r  
e f f e c t s  on  t h e  f i l t e r  r e s p o n s e .  Two f i l t e r s  t h a t  were b u i l t  
f r o m  d i s c r e t e  c o m p o n e n t s  a r e  d e s c r i b e d  and r e s u l t s  
p r e s e n t e d .  
The t h r e e - p o r t  a d a p t o r s  w h i c h  a r e  r e q u i r e d  t o  p r o d u c e  
wave s t r u c t u r e s  w h i c h  model  lumped e l e m e n t  f i l t e r s  a r e  
d e s c r i b e d  i n  c h a p t e r  s i x .  A d i s c r e t e  componen t  t h i r d  o r d e r  
b a n d- p a s s  f i l t e r  w h i c h  g i v e s  c u t o f f  f r e q u e n c i e s  a c c u r a t e  t o  
b e t t e r  t h a n  1% a n d  a s t o p b a n d  a t t e n u a t i o n  o f  g r e a t e r  t h a n  
80dB,  is  d e s c r i b e d  a n d  t h e  f u l l  r e s u l t s  o b t a i n e d  f r o m  i t  a r e  
p r e s e n t e d .  
C h a p t e r  s e v e n  is  d e v o t e d  t o  t h e  d e s i g n  o f  t h e  i n t e g r a t e d  
c i r c u i t  w h i c h  was p r o d u c e d  a s  a major p a r t  o f  t h i s  work .  I t  
c o n t a i n e d  t h r e e  f r e q u e n c y  f i l t e r s ,  a l l  w i t h  d e s i g n e d  
p a s s b a n d  r i p p l e s  of  0.2dB. The s e v e n t h  o r d e r  f i l t e r  a c h i e v e d  
a s t o p  band r e j e c t i o n  o f  b e t t e r  t h a n  70dB. P r o c e s s  
d e p e n d e n t  d e t a i l s  a n d  t h e  i n t e g r a t e d  c i r c u i t  l a y o u t s  u s e d  
a r e  g i v e n .  
The r e s u l t s  o b t a i n e d  f r o m  t h e  i n t e g r a t e d  c i r c u i t  
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d e s c r i b e d  i n  c h a p t e r  s e v e n ,  t o g e t h e r  w i t h  a c o m p a r i s o n  w i t h  
t h e  t h e o r e t i c a l  r e s u l t s ,  a r e  g i v e n  i n  c h a p t e r  e i g h t .  
C h a p t e r  n i n e  c o n t a i n s  a d i s c u s s i o n  o f  wave f i l t e r s  i n  
g e n e r a l  a n d  p r e s e n t s  t h e  a u t h o r s  c o n c l u s i o n s  r e g a r d i n g  t h e  
p o t e n t i a l  of  s a m p l e d- d a t a  a n a l o g u e  r e a l i s a t i o n s  o f  t h e s e  
f i l t e r s .  
’ 
